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Due to the poor compressive strength properties of high performance liquid
crystalline polymers, such as, polybenzobisoxazoles (PBOs) and polybenzobisthiazoles
(PBTs), homopolymers and copolymers of PBOs and PBTs with the central star-like unit,
2,7-diamino-9,9-bis(4-aminophenyl)fluorene, have been prepared. The fluorene moiety
was prepared by the reaction of 2,7-dinitro-9-fluorenone with aniline and aniline
hydrochloride, followed by reduction with hydrazine monohydrate. The central star-like
unit was characterized by FTIR, FTNMR and elemental analyses. The PBO and PBT
pendant groups were synthesized by the polycondensation of 4,6-diaminoresorcinol
dihydrochloride with terephthaloyl chloride, and 2,5-diamino-1,4-benzenedithiol
dihydrochloride with terephthaloyl chloride in poly(phosphoric acid) (PPA), respectively.
The resulting linear polymers containing the dicarboxylic end groups were attached to the
central star-like unit by refluxing with 2,7-diamino-9,9-bis(4-aminophenyl)fluorene to give
the star-like polymers. The star-like polymers were characterized by solubility, viscosity,
spectroscopy (infrared and carbon-13) and thermal analyses such as, differential scanning
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calorimetry and thermogravimetric analysis. Thermogravimetric analysis (TGA) indicates
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Considerable research efforts in recent years have been directed toward the synthesis,
characterization, and fabrication ofextended-chain or rod-like polymers. Workers at the DuPont
Company were pioneers in developing methods to prepare liquid crystalline solutions of
synthetic polymers such as poly(p-benzamide) and poly(/?-phenylene terephthalamide). The
pioneering work of Kwolek at DuPont in establishing the formation of lyotropic solutions of
poly(p-benzamide) and poly(/7-phenylene terephthalamide) resulted in the spinning of fibers
I 1
which maintained extremely high degree ofchain orientation.
DuPont’s Kevlar , a stiff-chain poly(p-phenylene terephthalamide), emerged as the
leading high performance organic polymer fiber for a wide variety of high specific strength
applications,"^ Figure 1. The development of Kevlar® as a high performance fiber, opened the
door to further progress in the preparation of macromolecular liquid crystals having
exceptionally high strength. For example, liquid crystal polyesters were produced by Celanese,
Dartco, and Tennessee Eastman but possessed modulus strength lower than Kevlar®."*’^
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The increase in activity in the development of new high performance polymer fibers
possessing high tensile strength and modulus and excellent thermal and environmental resistance
brought about new ultra high-modulus, ultra high-strength, and highly thermally stable fibers.
Two highly thermooxidatively stable, aromatic heterocyclic polymers which exhibited liquid
crystalline behavior in concentrated solutions are poly[(benzo[l,2-(i:,5,4-J']bisoxazole-2,6-diyl)-
1,4-phenylene] (PBO/’^ and poly[(benzo[l,2-J:4,5-<i']bisthiazole-2,6-diyl)-l,4-phenylene]
(PBT), ’ Figure 2. The realization of ultra high mechanical properties finm an organic polymer
depends on the cooperation of numerous factors that include chemical structure, molecular
g
weight, method of synthesis, and characteristics ofprocessing and solubility. Less than optimal
performance in any one of these areas without compensation fi’om another can lead to a major
flaw in the polymer.
(b)
Figure 2. Schematic representation of: (a) poly[(benzo[l,2-c/:5,4-c^’]bisoxazole-2,6-diyl)-l,4-
phenylene] (PBO), and (b) poly[(benzo[l,2-t/,'4,5-c/’]bisthiazole-2,6-diyl)-l,4-
phenylene] (PBT)
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PBOs and PBTs belong to the class of rigid-rod aromatic heterocyclic polymers,
polybenzazoles (PBZ),^ which are capable of being processed into fibers and films that exhibit
high modulus, high strength and high thermal stability.PBZs have gained interest as
advanced materials for applications requiring high thermal, oxidative and structural ability. The
rigidity of the backbone enables these polymers to form ordered phases in solutions at high chain
concentrations. The inherent rigidity of this class of polymers precludes the use of thermal
12fabrication techniques due to the lack of long range chain mobility.
High molecular weight PBTs are usually synthesized by the polycondensation of 2,5-
diamino-1,4-benzenedithiol dihydrochloride with terephthaloyl chloride in poly(phosphoric acid)
(PPA),'^’'"^ Scheme 1. The PBT fibers exhibit high specific modulus and high strength, and are






PBOs of high molecular weight are usually prepared directly by the high temperature
polycondensation of 4,6-diaminoresorcinol dihydrochloride with terephthaloyl chloride in
7 15 2
PPA ’ with dehydrochlorination, Scheme 2. Both polymerizations occur with stepwise





heating to 200 °C, because immediately exposing the reaction mixture to a relatively high
polymerization temperature may cause decomposition of the monomers. The use of
terephthaloyl chloride in the polymerization has two advantages; no sublimation occurs at the
end of the reaction; and high intrinsic viscosities can be achieved.'^ PBT and PBO have higher
tensile moduli than Kevlar 49 , Figure 3, and exhibit significantly improved chemical and
thermal resistance over Kevlar®."*
The utilization of hquid crystalline solutions has produced highly ordered fibers of
extremely high tensile modulus and strength. The synthesis and fabrication of aromatic

































Figure 3. Plot ofspecific modulus vs specific strength ofhigh performance materials
[taken fiom Krause, S. J.; et. al. Polymer, 29,1354 (1988)]
promise ofextending not only the mechanical but also the thermal capabilities ofpolymers. The
mechanical and thermal properties coupled with the low density leads to a wide variety of
applications, many of \\fiich have been previously reserved for metals. These applications
include radial tire belts, baUistics protection garments, large diameter cables for stmctural
support, transatmospheric vehicles with weight reductions ofup to 50%, and in advanced aircraft
and aerospace systems. Rigid-rod polymer films ofPBO and PBT also play an important role
in electronics, power systems, nonlinear optics and other high performance applications.'*’'^
However, rod-like polymers such as PBOs and PBTs in their highly extended state in
films and fibers have relatively poor axial compressive strength. High compressive strength is
necessary for use m high load ^plications. Fibers spun fix)m lyotropic solutions of extended
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chain polymers exhibit high strength and modulus in the direction of the fiber axis, but the
strength and modulus are poor in the direction perpendicular to the fiber axis. The modulus and
strength perpendicular to the chain axis are lower by one or two orders of magnitude than that in
the chain direction, because ofweak van der Waals forces. Holiday and White^'* showed that the
compressive strength ofpolymers is dependent on secondary valence forces, Figure 4.
Figure 4. Plot ofmoduli perpendicular to chain against cohesive energy density
[taken fi-om Holiday, L.; White, J. W., Pure Appl. Chem., 26, 545 (1971)]
In recent years, considerable research efforts have been directed towards improving the
compressive strength of rigid-rod polymeric fibers. Approaches have involved incorporating
rigid-rod backbones with different pendant groups to increase molecular packing order,using
different crosslinking moeties, and forming pseudo-lattice stmctures through hydrogen
bonding.^^’^ Stmctural modifications ofPBOs and PBTs have been carried out with the purpose
of improving their solubility and modifying the compressive strength of fabricated specimens.
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Polk et synthesized radial or star-shaped polymers containing 2,6-diamino-9,9-
bis(4-aminophenyl)anthrone as the central star-like unit in an effort to lower melt and solution
viscosities to allow for easier processing, while improving compressive strength of high
performance polymers. However, the synthesis of the central unit yielded a mixture of the
planar, 2,6-diamino-9,10-bis(4-aminophenyl)anthracene, and the three-dimensional, 2,6-
diamino-9,9-bis(4-aminophenyl)anthrone, which led to a mixture of planar and three-
dimensional PBOs. In another attempt, Dotrong et al. reported the synthesis of multi¬
dimensional rigid-rod polymers comprised of PBO chains attached to rigid planar cores without
32
reporting on compressive strength properties.
Our approach to increasing the transverse mechanical properties of PBO and PBT films
and fibers involves using the favorable geometry of an organic nucleus, 2,7-diamino-9,9-bis(4-
aminophenyl)fluorene. Figure 5, to prepare polymer chains with star-like or radially shaped
chain orientations. Star-like polymers are classified as macromolecules consisting of more than
three linear polymeric chains ofapproximately equal lengths joined at one end of each chain by a
chemically-bonded core. The central core of the star-like polymer is much smaller than the
root-mean-square end-to-end distance of the individual linear chains or extensions.
A study of the bond angles of 2,7-diamino-9,9-bis(4-aminophenyl)fluorene shows that
the 9,9-phenyl substituents are at 113° to each other, while the bond angles between the phenyl
units and the five membered ring ofthe fluorene unit are approximately 107°. Therefore, the
geometry at the C9 position ofthe fluorene unit is almost tetrahedral (sp ).
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Figure 5. Schematic representation of2,7-diamino-9,9-bis(4-aminophenyl)fluorene
The star-like polymer chains of PBO will be prepared by the stepwise polycondensation
of 4,6-diaminoresorcinol dihydrochloride with terephthaloyl chloride in PPA, followed by the
addition of 2,7-dianiino-9,9-bis(4-aminophenyl)fluorene. The star-like polymer chains of PBT
will be prepared by the stepwise polycondensation of 2,5-dianiino-l,4-benzenedithiol
dihydrochloride with terephthaloyl chloride in PPA, followed by the addition of 2,7-diamino-
9,9-bis(4-aminophenyl)fluorene. A three-dimensional configuration in space should result in an
increase in compressive strength.
In an attempt to improve the solubility and lower the melting temperature, block and
random copolymers of the star-like shaped polymers were also prepared. The copolymers will




Melting points of the monomers and intermediates were determined using the
Electrothermal Capillary melting point apparatus. Infrared spectra were obtained on
KBr disks using the Nicolet Omnicon FTIR spectrometer. Proton ('H) and carbon-13
('^C) nuclear magnetic resonance (NMR) spectra were obtained in deuterated
dimethylsulfoxide (DMSO) on a Bruker WM-250 spectrometer with an Aspect 3000
computer in the Fourier transform mode and a Bruker ARX-400 spectrometer with
Silicon Graphics INDY computer. Proton and carbon-13 NMR spectra were referred
to tetramethylsilane at 0.0 ppm (internally and externally, respectively). Solid state
'^C NMR spectra were obtained with a Bruker L200 spectrometer equipped with an
Aspect 3000 computer in the Fourier transform mode. X-ray scattering patterns of
the polymers were obtained using a Philips X’Pert-MPD X-ray defractometer.
Elemental analysis data were obtained from Atlantic Microlab, Inc., Norcross, GA
and Galbraith Laboratories, Inc., Knoxville, TN.
Thermogravimetric analysis (TGA) data were performed under argon
atmosphere and in air with the Seiko Scientific Instruments (SSI) TG/DTA 220
thermogravimetric analyzer. Open platinum pans were used as reference and sample
holders with heating rates of 10 °C/min. Differential scanning calorimetry (DSC)
curves were obtained on the Seiko Scientific Instruments (SSI) DSC 220 differential
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scanning calorimeter. Transitions were taken as peak minima (endotherm) and peak
maxima (exotherm). DSC curves were performed using sealed aluminum reference
and sample pans. Inherent viscosities were measured at 30 °C with a calibrated
Cannon-Fenske viscometer at concentrations of 0.5 g/100 mL of star-like polymers in
methanesulfonic acid (MSA). Solubilities were determined at room temperature.
Materials and Solutions
The monomer, 4,6-diaminoresorcinol dihydrochloride, is commercially
available and was used as received. 2,5-Diamino-1,4-benzenedithiol dihydrochloride
and 2,7-diamino-9,9-bis(4-aminophenyl)fluorene were prepared as outlined below.
Terephthaloyl ehloride was recrystallized from hexane, and aniline was freshly
distilled prior to use. All monomers were dried and their melting points, FTIR, 'h
NMR, NMR and elemental analyses were taken.
Monomer Synthesis
Synthesis of 2.5-diamino-1.4-benzenedithiol dihydrochloride. III.
p-Phenylenebis(thiourea), I. In a thoroughly dried 2.0 L three-necked round bottom
flask,/7-phenylenediamine (170.0 g, 1.570 mol), 1.4 L of deaerated water, 310 mL of
concentrated hydrochloric acid, and 11.0 g of activated charcoal were mixed and
warmed to 50 °C and allowed to stir overnight. The solution was filtered and the
filtrate was mixed with ammonium thiocyanate (484.0 g, 6.36 mol) and stirred at a
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pot temperature between 90-100 °C for 24 h. The mixture was allowed to cool and
the yellow, granular solid was collected by filtration and washed with 800 mL of hot
water. The solid was dried at 100 °C overnight under reduced pressure to yield 1
(316.1 g, 89.1 %). m.p. 228-230 °C with decomposition. Infrared spectrum (KBr)
3328, 3263 and 3170 (NH and NH2 stretching); 3010 (aromatic C-H stretching); 1624
and 1545 (aromatic C-C stretching); 1071 cm’’ (C=S stretching). 'H NMR (DMSO-
d^) 6 9.6 (4H, NH2); 7.3 ppm (aromatic H). Anal. Calcd for C8H,oN4S2: C, 42.48; H,
4.42;N, 24.78; S, 28.32. Found: C, 42.39; H, 4.44; N, 24.65; S, 28.19.
2,6-Diaminobenzo[},2-d:4,5-d']bisthiazole, II. To a stirred suspension of 1 (300.0 g,
1.327 mol) in 1.4 L of dry chloroform was added a solution of bromine (490.0 g, 3.07
mol) in 200 mL of chloroform while maintaining the temperature below 50 °C. The
mixture was allowed to stir overnight at room temperature, and then heated to reflux
for 24 h. The orange mixture was allowed to cool under a slow stream of nitrogen.
The orange solid was collected by filtration, washed with 600 mL of chloroform and
allowed to dry in air. The crude product was stirred in aqueous sodium bisulfite
(200.0 g NaHS03/1.5 L H2O) overnight. The yellow solid was collected by filtration,
washed with 500 mL of concentrated ammonium hydroxide, and 1 L of water. The
solid was finely ground and washed overnight with 500 mL concentrated ammonium
hydroxide while stirring. The crude was collected by filtration and washed with 2 L
of water and allowed to dry in air to yield crude II (273.1 g, 92.9 %). A 80.0 g
portion was collected and recrystallized twice from 4 L of glacial acetic acid. The
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crystals were collected by filtration and dried under reduced pressure at 85 °C to
yield II (41.6 g, 42.0 %). m.p. >350 °C (lit.* m.p. >350 °C). Infrared spectrum
(KBr) 3395 and 3270 (NH2 stretching); 3065 (aromatic C-H stretching); 1644 (C=N
stretching); 1544 cm'* (aromatic C-C stretching). 'H NMR (DMSO- d^) 6 7.6
(aromatic H); 7.4-7.3 ppm (4H, NH2). Anal. Calcd for CgH6N4S2: C, 43.24; H, 2.70;
N, 25.22. Found: C, 43.05; H, 2.80; N, 24.98.
2,5-Diamino-l,4-benzenedithiol dihydrochloride, III. In a 500 mL three-necked
round bottom flask, equipped with a reflux condenser, a nitrogen inlet, a calcium
chloride drying tube and a magnetic stirrer, 170.4 mL of deaerated water and 161.5 g
of 85.9 % KOH (138.7 g KOH in 22.8 g H2O) were added and cooled with an ice
bath. To this mixture, was added II (40.0 g, 0.180 mol) under positive nitrogen
pressure, and heated to reflux for 5 h. The solution was allowed to cool to room
temperature with stirring overnight. The mixture was cooled to 15 °C and the yellow
needles were collected by filtration via a closed system under nitrogen and dissolved
in 22 mL of deaerated water. This solution was filtered directly into an evacuated,
stirred flask containing 73 mL of deaerated water and 73 mL of concentrated
hydrochloric acid. Colorless crystals formed rapidly. The crystals were collected by
filtration and washed with 37 mL of methanol and dried under reduced pressure at 80
°C to yield III (21.0 g, 48.0 %). m.p. 212 °C with decomposition (lit.* m.p.
decomposition at 200-210 °C without melting). Infrared spectrum (KBr) 2809 and
2578 (NH3CI stretching); 2460 (SH stretching); 1587 and 1531 cm'' (aromatic C-C
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stretching). 'H NMR (DMSO- d^) 5 7.4 (aromatic H); 5.1 (4H, NH2); 1.1 ppm (2H,
SH). Anal. Calcd. for C6H,oN2S2Cl2: C, 29.39; H, 4.08; N, 11.43; S, 26.2. Found:
C, 29.23; H, 4.04; N, 11.36; S, 26.05.
Star-like Unit Synthesis
Synthesis of 2.7-diamino-9.9-bisf4-aminophenynfluorene. VI.
2,7-Dinitro-9,9-bis(4-aminophenyl)fluorene hydrochloride, IV. In a 500 mL three¬
necked round bottom flask, equipped with a reflux condenser, a magnetic stirrer, a
nitrogen inlet, and a calcium chloride drying tube, 2,7-dinitro-9-fluorenone (20.0 g,
0.084 mol), aniline hydrochloride (29.6 g, 0.230 mol), and freshly distilled aniline
(222 mL) were allowed to reflux under nitrogen for 24 h. The mixture was cooled to
room temperature and left to stand overnight. Aniline was removed via a
rotavaporator and the resulting mixture was washed repeatedly with hot distilled
water. The crude product was left stirring in 3M HCl overnight. The mixture was
filtered and the precipitate was extracted with water using a Soxhlet extractor for 48
h. Concentrated HCl was mixed with the extract to yield a precipitate. The green
powder was dried under reduced pressure at 120 °C for 24 h to yield IV (12.2 g 32.2
%). m.p. 319-320 °C. Infrared spectrum (KBr) 3447 (NH2 stretching); 3065
(aromatic C-H stretching); 2852, 2605, and 1605 (N-H of HCl salt); 1589 and 1525
(aromatic C-C stretching); 1518 and 1354 cm"' (NO2 stretching), 'h NMR (DMSO-
c/g) 5 8.5-8.4 (4H); 8.3 (2H); 7.3 (4H); 7.2 ppm (4H). Anal. Calcd for
13
C25H20N4O4CI2: C, 58.72; H, 3.94; N, 10.96; Cl, 13.87. Found: C, 58.80; H, 4.00;
N, 10.88; Cl, 13.76.2.7-DinUro-9,9-bis(4-aminophenyl)fluorem, V. In a three-necked flask containing
600 mL of 3M HCl was added IV (8.0 g, 0.016 mol) and stirred for 30 min. The
mixture was filtered and the precipitate was dissolved in 250 mL of water. The
solution was added to a NaOH solution (64.0 g NaOH/1.0 L H2O) in a lOOOmL
beaker. The precipitate was collected by filtration and stirred in 500 mL of water
overnight. The solid was collected by filtration and dried under reduced pressure at
120 °C for 24 h to yield V (6.5 g, 91.3 %). m.p. 323-325 °C (lit.^'' m.p. 323-325 °C).
Infrared spectrum (KBr) 3493 and 3401 (NH stretching); 3057 (aromatic C-H
stretching); 1631 (aromatic N-H stretching); 1519 (aromatic C-C stretching); 1512
and 1348 cm"' (NO2 stretching). 'H NMR (DMSO- d^) 5 8.3 (4H); 8.2 (2H); 6.8
(4H); 6.4 (4H); 5.1 ppm (4H, NH2). ‘^C NMR (DMSO- d^) 5 155.6, 148.5, 148.4,
143.7, 130.2, 128.5, 124.0, 123.6, 121.1, and 114.5 (aromatic C); 64.7 ppm
(quaternary C). Anal. Calcd for C25H,8N404: C, 68.17; H, 4.58; N, 12.72. Found;
C, 68.39; H, 4.35; N, 12.61.2.7-Diamino-9,9-bis(4-aminophenyl)fluorene, VI. In a 250 mL three-necked round
bottom flask equipped with an addition funnel, a reflux condenser, a nitrogen inlet, a
magnetic stirrer, and a calcium chloride drying tube, was added V (6.0 g, 0.014 mol),
150 mL of ethanol and 0.73 g of 10 % Pd/C. The mixture was allowed to reflux
overnight. Hydrazine monohydrate (67.5) mL, was added dropwise and allowed to
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reflux for 24 h. The solution was filtered while hot and the solvent was reduced by
distillation and filtered. The crude was washed several times with water and a
mixture of ethanol and water, and dried under reduced pressure at 80 °C for 24 h to
yeildVI (2.9 g, 56.0 %). m.p. 315-316 °C (lit.^'* m.p. 319.5 °C). Infrared spectrum
(KBr) 3413, 3341, and 3211 (NH2 stretching), 3011 (aromatic C-H stretching); 1614
(aromatic N-H stretching); 1513, 1472, and 1438 cm"' (aromatic C-C stretching), 'h
NMR (DMSO- d^) 5 7.3 (2H); 6.8 (4H); 6.5 (2H); 6.5 (2H); 6.5-6.3 (4H); 4.9 ppm
(2H, NH2). '^C NMR (DMSO-i/g) 6 155.2, 148.1, 148.0, 143.3, 129.8, 128.1, 123.5,
123.2, 120.6, and 114.0 (aromatic C); and 63.5 ppm (quaternary C). Anal. Calcd for
C25H22N4: C, 79.34; H, 5.86; N, 14.80. Found: C, 79.07; H, 5.96; N, 14.92.
Polymer Synthesis
Synthesis of poly[tbenzo[1.2-<i:4.5-(i']bisthiazole-2.6-divn-l A-phenylene containing
2.7-diamino-9.9-bis(4-aminophenylifluorene star-like polymer. A. A 100 mL three¬
necked round bottom flask equipped with a mechanical stirrer, a nitrogen inlet, a
reflux condenser, a thermometer and a calcium chloride drying tube was flamed dried
while being flushed with nitrogen. Upon cooling to room temperature, 2,5-diamino-
1,4-benzenedithiol dihydrochloride (2.00 g, 8.15 x 10'^ mol) and poly(phosphoric
acid) (PPA) (21 g) were placed in the flask and allowed to stir at room temperature
under nitrogen atmosphere for 24 h. The mixture was heated to 70 °C for 34 h. The
temperature was raised to 110 °C and terephthaloyl chloride (1.81 g, 8.68 x 10'^ mol)
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and PPA (35 g) were added and the temperature maintained at 110-165 °C for 5 h
under vacuum. The temperature of the mixture was maintained at 165 °C for 12 h
under nitrogen, 180 °C for 12 h under vaeuum, and 195 °C for 12 h under nitrogen.2.7-Diamino-9,9-bis(4-aminophenyl)fluorene (0.77 g, 2.03 x 10'^ mol) and PPA (50
g) were added and the temperature was maintained at 195 °C for 72 h under nitrogen.
The mixture was precipitated in hot water and extracted several times with water
using a Soxhlet extractor. The solid was dried under reduced pressure at 100 °C for
24 h to yield homopolymer A (3.30 g, conversion 98 %).
Synthesis of poly[(benzo[1.2-J:5.4-c/’]bisoxazole-2.6-diyn-1.4-phenylene containing2.7-diamino-9.9-bis(4-aminophenynfluorene .star-like polymer. B. A 100 mL three¬
necked round bottom flask equipped with a mechanical stirrer, a nitrogen inlet, a
reflux condenser, a thermometer and a calcium chloride drying tube was flamed dried
while being flushed with nitrogen. Upon cooling to room temperature, 4,6-
diaminoresorcinol dihydrochloride (2.00 g, 9.39 x 10'^ mol) and PPA (27 g) were
placed in the flask and allowed to stir at room temperature under nitrogen atmosphere
for 24 h. The mixture was heated to 70 °C for 34 h. The temperature was raised to
110 °C and terephthaloyl chloride (2.10 g, 1.01 x 10*^ mol) and of PPA (31 g) were
added and the temperature maintained at 110-165 °C for 5 h under vacuum. The
temperature of the mixture was maintained at 165 °C for 12 h under nitrogen, 180 °C
for 12 h under vacuum, and 195 °C for 12 h under nitrogen. 2,7-Diamino-9,9-bis(4-
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aminophenyl)fluorene (0.89 g, 2.35 x 10'^ mol) and PPA (42 g) were added and the
temperature was maintained at 195 °C for 72 h under nitrogen. The mixture was
precipitated in hot water and extracted several times with water using a Soxhlet
extractor. The solid was dried under reduced pressure at 100 °C for 24 h to yield
homopolymer B (2.90 g, conversion 91 %).
Synthesis of random polv[lbenzo[1.2-(7:5.4-t/’]bisoxazole-2.6-diylV1.4-phenylene-
co-poly[rbenzo[1.2-t/:4.5-J’]bisthiazole-2.6-diylV1.4-phenylene containing 2.7-
diamino-9.9-bis('4-aminophenynfluorene star-like polymer. C. A 250 mL three¬
necked round bottom flask equipped with a mechanical stirrer, a nitrogen inlet, a
reflux condenser, a thermometer and a calcium chloride drying tube was flamed dried
while being flushed with nitrogen. Upon cooling to room temperature, 4,6-
a
diaminoresorcinol dihydrochloride (1.125 g, 5.28 x 10' mol), 2,5-diamino-1,4-
benzenedithiol dihydrochloride (1.295 g, 5.28 x 10'^ mol), and PPA (71 g) were
placed in the flask and allowed to stir at room temperature under nitrogen atmosphere
for 24 h. The mixture was heated to 70 °C for 34 h. The temperature was raised to
110 °C and terephthaloyl chloride (2.31 g, 1.11 x 10'^ mol) and PPA (60 g) were
added and the temperature maintained at 110-165 °C for 5 h under vacuum. The
temperature of the mixture was maintained at 165 °C for 12 h under nitrogen, 180 °C
for 12 h under vacuum, and 195 °C for 12 h under nitrogen. 2,7-Diamino-9,9-bis(4-
aminophenyl)fluorene (1.00 g, 2.64 x 10'^ mol) and PPA (42 g) were added and the
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temperature was maintained at 195 °C for 72 h under nitrogen. The mixture was
precipitated in hot water and extracted several times with water using a Soxhlet
extractor. The solid was dried under reduced pressure at 100 °C for 24 h to yield
random copolymer C (3.20 g, conversion 90 %).
Synthesis of block polv[(benzo[1.2-<7:5.4-f/’]bisoxazole-2.6-divlT1.4-phenvlene-co-
polv[('benzo[1.2-f/:4.5-c/’]bisthiazole-2.6-divlV1.4-phenvlene containing 2.7-diamino-
9.9-bis(4-aminophenynfluorene star-like polymer. D. Two separate three-necked
round bottom flasks, one 250 mL and the other 100 mL, both equipped with
mechanical stirrers, nitrogen inlets, reflux condensers, thermometers and calcium
chloride drying tubes were flamed dried while being flushed with nitrogen. Upon
cooling to room temperature, 2,5-diamino-1,4-benzenedithiol dihydrochloride (1.3 g,
5.28 X 10 mol) and PPA (64 g) were placed in flask 1 and allowed to stir at room
temperature under nitrogen atmosphere for 24 h. The mixture was heated to 70 °C
for 34 h. The temperature was raised to 110 °C and terephthaloyl chloride (1.16 g,
5.81 X 10" mol) and PPA (59 g) were added and the temperature was maintained at
110-165 °C for 5 h under vacuum. The temperature of the mixture was maintained at
165 °C for 12 h under nitrogen, 180 °C for 12 h under vacuum, and 195 °C for 12 h
under nitrogen. Simultaneously into flask 2, 4,6-diaminoresorcinol dihydrochloride
(1.24 g, 5.81 x 10 ^ mol) and PPA (65 g) were placed in the flask and allowed to stir
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at room temperature under nitrogen atmosphere for 24 h. The mixture was heated to
70 °C for 34 h. The temperature was raised to 110 °C and terephthaloyl chloride
(1.05 g, 5.28 X 10’^ mol) and PPA (58 g) were added and the temperature was
maintained at 110-165 °C for 5 h under vacuum. The temperature of the mixture was
maintained at 165 °C for 12 h under nitrogen, 180 °C for 12 h under vacuum, and 195
°C for 12 h under nitrogen. The contents of flask 2 were transferred into flask 1 with
PPA (46 g) and heating was continued at 195 °C for 48 h. 2,7-Diamino-9,9-bis(4-
aminophenyl)fluorene (1.00 g, 2.64 x 10' mol) and PPA (31 g) were added and the
temperature was maintained at 195 °C for 72 h under nitrogen. The mixture was
precipitated in hot water and extracted several times with water using a Soxhlet
extractor. The solid was dried under reduced pressure at 100 °C for 24 h to yield




The synthetic route leading to the monomer, 2,5-diamino-1,4-benzenedithio!
dihydrochloride. III, is outlined in Scheme 3. The monomer was synthesized by a method
o
reported by Wolfe et al. with minor modifications. The synthetic route leading to the star-
like unit, 2,7-diamino-9,9-bis(4-aminophenyl)f[uorene, VI, is outline in Scheme 4.
Compound IV was formed by a method reported by Lian et al.^^ with minor modifications.
Monomer Characterization
Compounds I, II, and the monomer III were characterized by melting point
determination, infrared and proton NMR spectroscopy, and elemental analysis. The infrared
and proton spectra of I are presented in Figures 6 and 7, respectively. The infrared spectrum
shows absorption peaks at 3328, 3263 and 3170 that correspond to the NH and NH2
symmetric and antisymmetric stretching; the aromatic C-H stretching shows absorption at
3010; the absorption peaks at 1624 and 1545 represent the aromatic C-C stretching; and the
absorption peak at 1071 cm ’ corresponds to the C=S stretch. The proton NMR spectrum
shows a chemical shift at 5 9.6 that represents the protons of the amine (NH2) groups; and the
chemical shift at 5 7.3 ppm corresponds to the aromatic protons.
The infrared and proton NMR spectra of II are presented in Figures 8 and 9,
respectively. The infrared spectrum shows absorption peaks at 3395 and 3270 that represent
20
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FigUfg 8. IR spectrum of 2,6-diaminobenzo[l,2.c/:4,5-J]bisthiazole, II
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Figure 9. 'H NMR spectrum of 2,6-diaminobenzo[l ,2-i/;4,5-c/lbisthiazole, /I, in DMSO-ii<j
the NH2 symmetric and antisymmetric stretching; the aromatic C-H stretching shows
absorption at 3065; the aromatic C-C stretching shows absorption at 1544; and the peak at
1643 cm'' correspxjnds to the C=N stretch. The proton NMR spectrum shows a chemical shift
at 6 7.6 that represents the aromatic hydrogens; and the chemical shift fi-om 5 7.4 to 7.3 ppm
corresponds to the amine (NH2) hydrogens.
The infixed and proton NMR spectra of III are presented in Figures 10 and 11,
respectively. The infiBred spectrum shows a broad absorption peak at 2809 and a peak at
2578 that correspond to NH3CI; a strong absorption peak at 2460 represents the S-H
stretching; and the aromatic C-C stretching shows absorption at 1587 and 1531 cm '. The
proton NMR spectrum shows a chemical shift at 6 7.4 that corresponds to the aromatic
protons; the broad chemical shift centered at 5 5.9 corresponds to the protons of the amine
(NH2) of the HCl salt; and the protons attached to the sulfur atom show a chemical shift at 5
1.1 ppm.
Star-like Unit Characterization
Compounds IV, V, and the star-like unit VI were characterized by melting point,
infrared spectroscopy, proton and carbon-13 NMR spectroscopy and elemental analysis. The
inlrared and proton NMR spectra of IV are presented in Figures 12 and 13, respectively. The
inlrared spectrum shows a broad absorption peak at 3447 that corresponds to the overlap of
the N-H stretching and the H-Cl stretching; the aromatic C-H stretching shows absorption at
3065; the absorption peaks at 2852,2605 and 1605 correspond to the N-H stretching of the
27
Figure IQ. IR spectrum of 2,5-diamino-1,4-benzenedithiol dihydrochloride. 111
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figure 11. ’H NMR spectrum of 2,5-diamino-l,4-benzenedithiol dihydrochloride, III, in DMSO-tf^
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figure 13. 'H NMR spectrum of 2,7-dinitro-9,9-bis(4-aminophenyl)fluorene dihydrochloride, IV, in DMSO-t/j
HCl salt; the aromatic C-C stretching shows absorption peaks at 1589 and 1525; and the
absorption peaks at 1518 and 1354 cm ' correspond to the NO2 groups. The proton NMR
spectrum shows chemical shifts at 6 8.5-8.3 that represent the protons of the fluorene unit; the
chemical shifts at 8 7.3 and 7.2 correspond to the protons of the para substituted rings; and the
chemical shift at 8 3.5 ppm represents the protons of the amine (NH2) groups.
The infiiared, proton and carbon-13 NMR spectra of V are presented in Figures 14, 15
and 16, respectively. The infi:ared spectrum shows two sharp absorption peaks at 3493 and
3401 that represent the N-H symmetric and antisymmetric stretching; absorption at 3057
corresponds to the aromatic C-H stretching; the aromatic N-H stretching shows absorption at
1631; the aromatic C-C stretching shows absorption at 1519; and the absorption peaks at 1512
and 1348 cm’* correspond to the NO2 stretching. The proton NMR spectrum shows chemical
shifts at 8 8.3 and 8.2 that represent the aromatic protons attached to the fluorene unit; the
chemical shifts at 8 6.8 and 6.4 correspond to the aromatic protons of the para substituted
rings; and the chemical shift at 8 5.1 ppm correspond to the amine (NH2) protons. The
carbon-13 NMR spectrum shows chemical shifts from 8 155.6-114.5 that correspond to the
carbon atoms of the fluorene unit and the aromatic rings; and the quaternary carbon is
represented by a chemical shift at 8 64.7 ppm.
The infrared, proton and carbon-13 NMR spectra of VI are presented in Figures 17,
18, and 19, respectively. The infrared spectrum shows sharp absorption peaks at 3413, 3341
and 3211 that represent the N-H symmetric and antisymmetric stretching; the absorption peak
at 3011 corresponds to the aromatic C-H stretching; the aromatic N-H stretching shows
32
Figure 14. IR spectrum of 2,7-dinitro-9,9-bis(4-aminophenyl)fluorene, V
OMSO
PP«
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Fig^^g 17. IR spectrum of 2,7-diamino-9,9-bis(4-aminophenyl)fluorene, V/
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Figure 19. c NMR spectrum of 2,7-diamino-9,9-bis(4-aminophenyl)fluorene, VI, in DMSO-t/^
absorption at 1614; and the strong absorption peaks at 1513, 1472 and 1438 cm'* correspond
to the aromatic C-C stretching. The proton NMR spectrum shows chemical shift at 5 7.3 that
represent the protons meta to the NH2 groups on the fluorene unit; the chemical shift at 6 6.8
represent the protons meta to the NH2 groups on the para substituted rings; the chemical shift
at 5 6.4 correspond to the protons ortho to the NH2 groups on the fluorene unit; the chemical
shifts at 5 6.5 represent the other protons ortho to the NH2 groups on the fluorene unit; the
chemical shifts at 6 6.5 correspond to the protons ortho to the NH2 groups on the para
substituted rings; and the NH2 protons are represented at 6 4.93 and 4.89 ppm. The carbon-13
NMR spectrum of VI shows aromatic carbon chemical shifts at 6 155.2-114.0; and the
quaternary carbon of the fluorene ring shows a chemical shift at 6 63.5 ppm.
Polymer
The synthetic routes leading to the star-like homopolymers of poly[(benzo[l,2-£/:4,5-
i/’]bisthiazole-2,6-diyl)-l,4-phenylene. A, and poly[(benzo[l,2-(i;5,4-J’]bisoxazole-2,6-
diyl)-l,4-phenylene, B, are presented in Sehemes 5 and 6, respectively. The synthetic routes
leading to the star-like random poly[(benzo[l,2-J;5,4-J’]bisoxazole-2,6-diyl)-l,4-
phenylene-co-poly[(benzo[l,2-t/:4,5-c/’]bisthiazole-2,6-diyl)-l,4-phenylene, C, and block
poly [(benzo [ 1,2-d:5,4-d’ ]bisoxazole-2,6-diy1)-1,4-pheny lene-co-poly[(benzo [ 1,2-d:4,5-
d’]bisthiazole-2,6-diyl)-l,4-phenylene, D are presented in Schemes 7 and 8, respectively.
The syntheses of the polymers were designed to liberate HCl gas and H2O as by¬
products. The three-dimensional polymers were prepared by the high temperature
39
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Scheme 8. Synthetic Route to Block PBO and PBT Containing 2,7-Diamino-9,9-bis(4-aminophenyl)fluorene, D
PBT BLOCK + PBO BLOCK
polycondensation of the monomers in poly(phosphoric acid). Poly(phosphoric acid) was used as
a reaction medium and a condensing agent. The polymers were heated stepwise to prevent
decomposition of the monomers and to form polymer linkages. The percentage conversions of
the polymers were based on the total weight of the monomers used.
Polymer Characterization
The polymers were characteri2)ed by solubihty, solution viscometry, elemental analysis.
X-ray diffraction, and infrared and carbon-13 NMR spectroscopy. Thermal analysis data were
obtained by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
(i) Structural Characterization
The elemental analysis data of polymers A, B, and C are presented in Table 1. The
theoretical values were calculated by assuming an equal number of repeat units of each pendant
group.
Table 1. Elemental Analysis Data of Polymers
% THEORETICAL % FOUND
Polymer C H N S C H N S
A 65.78 2.73 10.83 16.53 60.05 2.99 9.13 17.47
B 71.73 2.97 11.81 - 66.18 3.53 9.71 -
C 68.05 2.97 11.25 10.31 60.26 2.75 9.73 10.94
D 68.05 2.97 11.25 10.31 60.26 2.98 10.31 10.54
The infrared spectrum of homopolymer A, Figure 20, shows broad stretching of the
N-H group at 3388; aromatic C-H stretching occurs at 2967; a weak peak at 1716 corresponds
to the C=0 of the aimde group; aromatic C-C stretching occurs at 1624; and a medium peak at
44
Figure 2Q. IR spectrum of homopolymer A
814 cm’' indicates C-S stretching. Due to the intractibility of the polymer, solid-state carbon-
13 NMR spectroscopy was performed. The C NMR spectrum of polymer A, Figure 21,
exhibits a broad chemical shift at 6 218.9 that corresponds to the carbon of the carbonyl (C=0)
group; 5 168.3 that corresponds to the carbon of the cyclic N=C-S group; the chemical shifts
fi-om 5 153.0-116.6 represents the aromatic carbons; and the quaternary C shows a chemical
shift at 5 65.5 ppm.
The indfrared spectrum of homopolymer B is presented in Figure 22. The broad peak
at 3401 indicates stretching of the N-H groups of the amide; aromatic C-H stretching occurs at
2921; the carbonyl group (C=0) shows stretching at 1743; the peak at 1624 represents the
aromatic C-C stretching; and the broad peak at 1117 cm’' represents the C-0 cyclic stretching.
The solid-state carbon-13 NMR of homopolymer B, Figure 23, shows a chemical shift at 5
210.4 that represents the C=0 carbon; 5 163.3 indicates the C of the cyclic 0-C=N; the
overlapping of aromatic carbons show chemical shifts at 5 148.4-128.9; and the quaternary C
is represented by a chemical shift at 5 73.7 ppm.
The assignments of the inlrared absorptions of copolymer C are summarized in Table 2.
The broad peak at 3465 corresponds to N-H stretching of the amide; the medium peak at 1741
represents the carbonyl of the amide group; the aromatic C-C stretching occurs at 1638; the




Figure 21, Solid-state '^C NMR spectrum of homopolymer A
Eigure 22. IR spectrum of homopolymer B
Figure 23- Solid-state '^C NMR spectrum of homopolymer B
Table 2. Summaiy of Infrared Spectrum Absorption Data ofCopolymer C
Wavenumber (cm'*) Functioruility Assignment
3465 N-H amide stretching
1741 c=o amide stretching
1638 C-C aromatic stretching
nil C-O cyclic stretching
800 C-S cyclic stretching
The solid-state carbon-13 NMR chemical shift assignments of copolymer C are
summarized in Table 3. A chemical shift centered at 6 210.4 indicates the carbonyl carbon; the
cyclic 0-C=N and S-C=N groups show an overlap of chemical shifts from 5 165.1-163.0; the
chemical shifts from 6 150.9-115.6 represent the aromatic carbons; and the chemical shift at 6
64.7 ppm indicates the quaternary carbon.
The assignment of the infrared absorptions of copolymer D are summarized in Table 4.
A broad absorption at 3456 represents the N-H stretching of the amide; the medium absorption
peak at 1704 corresponds to the C=0 ofthe amide group; the aromatic C-C stretching appears
at 1623, the cyclic C-0 stretching occurs at 1097; and the cyclic C-S stretching occurs at 801
cm’*.
The solid-state caibon-13 NMR ch«nicai shift assignments of copolymer D are
summarized in Table 5. A chemical shift centered at 6 255.8 indicates the carbonyl carbon, the
cyclic C)-C=N and S-C=N groups show an overiap of chemical shifts from 5 167.8-166.5; the
chemical shifts from 5 152.2-114.2 represent the aromatic carbons; and the chemical shift at 6
68.3 ppm indicates the quaternary carbon.
50
Table 3. Summary of Solid-state Carbon-13 NMR Chemical Shifts of Copolymer C
The lack of resolution in the infi-ared spectra is attributed to the rigidity of the
polymers. Due to the structural rigidity of the polymers, there is limited stretching, bending
and wagging vibrations that more flexible molecules demonstrate. The solid-state carbon-13
NMR spectra exhibit a high degree of overlapping of the carbons.
Table 4. Summary of Infi-ared Spectrum Absorption Data of Copolymer D
Wavenumber (cm ') Functionality Assignment
3456 N-H amide stretching
1704 c=o amide stretching
1623 C-C aromatic stretching
1097 C-0 cyclic stretching
801 C-S cyclic stretching
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Table 5. Summary of Solid-state Carbon-13 NMR Chemical Shifts of Copolymer D
(ii) Thermal Characterization
The differential scanning calorimetry (DSC) curves of homopolymer A under argon
atmospheres and in air presented in Figure 24. There were no glass transitions (Tg) or melting
transistions (Tm) observed under argon or in air up to 425 °C. In air, an exotherm occurs at
325 °C.
The thermogravimetric analysis (TGA) curves of A under argon atmosphere and in air
are presented in Figure 25. Under argon atmosphere, the onset of decomposition occurs at
628 C with a 10% weight loss at 698 °C. In air, the polymer shows stability up to 581 °C











Figure 25. TGA curves of homopolymer A under argon atmosphere and in air
TGX
The DSC curves of homopolymer B under argon atmosphere and in air are presented
in Figure 26. No Tg transitions or Tn, transitions were observed under argon atmosphere or in
air up to 425 °C. In air, an exotham occurs at 230 °C.
The TGA curves of homopolymer B under argon atmosphere and in air are presented
in Figure 27. The onset ofdecomposition occurs at 585 °C with a 10% weight loss at 669 °C
in an argon atmosphere. In air, onset of decomposition occurs at 566 °C with a 10% weight
loss at 593 °C. Homopolymer B degrades more rapidly in air than under argon atmosphere.
The DSC curves of copolymer C under argon atmosphere and in air are presented in
Figure 28. No Tg transitions or Tm transitions were observed under argon or in air up to 425
°C.
The TGA curves of copolymer C under argon atmosphere and in air are shown in
Figure 29. The random copolymer shows stability in an argon atmosphere up to 646 °C with a
10% weight loss occurring at 698 °C. The onset ofdecomposition in air occurs at 608 °C and
at 630 °C there is a 10% weight loss. Copolymer C degrades more rapidly in air than under
argon.
The DSC curves of copolymer D under argon atmosphere and in air are shown in
Figure 30. There were no Tg transitions or T^ transitions observed under argon or in air up to
425 °C. In air, an exotherm occurs at 227 °C.
The TGA curves of copolymer D under argon atmosphere and in air are presented in
Figure 31. The onset of decomposition under argon atmosphere occurs at 625 °C with a 10%
weight loss occurring at 737 °C. In air, the onset of decomposition occurs at 606 °C with
55
ENDOEXO DSCuW
















50 \25 200 275
temp C (He»t)rv9)
350 4-!5



































Figure 31. TGA curves of copolymer D under argon atmosphere and in air
T6X
a 10% weight loss at 645 °C. The copolymer degrades more rapidly in air than under argon
atmosphere.
(Hi) Heat Treatment
The homopolymers A and B, and copolymer D were heated in a furnace for 4 h at 300
°C in air in order to further enhance the formation ofthe thiazole and oxazole rings.
The DSC curves ofheat treated homopolymer A under argon atmosphere and in air are
shown in Figure 32. There were no Tg or Tn, transitions under argon or in air observed up to
425 °C.
The TGA curves of heat treated homopolymer A under argon atmosphere and in air
are presented in Figure 33. The onset of decomposition occurs at 638 °C with a 10% weight
loss at 711 °C. The TGA in air indicates the onset of decomposition occurs at 596 °C with a
10% weight loss at 632 ‘’C.
The DSC curves ofheat treated homopolymer B under argon atmosphere and in air are
shown in Figure 34. There were no Tg or T^ transitions observed under argon or in air up to
425 °C. In air, an exotherm occurs at 345 °C.
The TGA curves of heat treated homopolymer B under argon atmosphere and in air
are presented in Figure 35. The onset ofdecomposition under argon atmosphere occurs at 617
°C with a 10% weight loss at 684 °C. In air, the onset ofdecomposition occurs at 570 °C Avith
a 10% weight loss occurring at 601 °C.
The DSC curves of heat treated copolymer D under argon atmosphere and in air are
presented in Figure 36. There were no Tg or T^ transitions observed under argon or in air up
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Figure 33. TGA curves of heat-treated homopolymer A under argon atmosphere and in air







Figure 35. TGA curves of heat-treated homopolymer B under argon atmosphere and in air
TG%
Figure 36. DSC curves of heat-treated copolymer D under argon atmosphere and in air
to 425 °C. In air, an exotherm occurs at 267 °C.
The TGA curves of heat treats copolymer D under argon atmosphere and in air are
shown in Figure 37. The onset of decomposition under argon atmosphere occurs at 635 °C
with a 10% weight loss at 751 °C. In air, the onset of decomposition occurs at 587 °C with a
10% weight loss at 628 °C.
After heating, the DSC curve of A di^layed improved st^ility in air and under argon
up to 425 °C which indicates fiirther closure of the thiazole rings. This is further supported by
the increase in the onset of decomposition in air and under argon as indicated by the TGA
curve of A. The DSC curves of B and D under argon atmosphere showed no Tg or T^
transitions up to 425 °C and exotherms in air occur at 345 °C and 267 °C, respectively. This
indicates ring closure enhancement. This is further indicated by the increase in the thermal
stability of the polymers as demonstrated in the TGA curves.
The increase in the thermal stability of the heat-treated polymers is attributed to the
enhancement of ring closure that occurs during heat treatment.
frvj Solution Properties
The solubility properties and inherent viscosity measurements of the homo- and
copolymers and the heat-treated polymers are presented in Table 6. The solubilities were
performed at room temperature. The polymers displayed excellent resistance to organic











Figure 37. TGA curves of heat-treated copolymer D under argon atmosphere and in air
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inBoluble - +Partially soluble;+ + ioluble;TMU: tetramethylurea; NMP: l-niethyU2-pynoUdiaoae;THF: tetrahydrofuran;
DMSO- methyl sulfoxide; DMAC: M/Z-dimethylacetamide; DMF: ^.^Hliinethylfbrmainide; TCE: 1,1.2.2-telrachlofoethane
There is a decrease in the solubility of homopolymer A in methanesulfonic acid after
heat-treatment. This observation is fiirther evidence of enhanced ring closure of the thiazole
rings upon heat treatment.
The inherent viscosities were obtained in methanesulfonic acid at 30 °C. The measured
values indicate that the polymers possess moderately high molecular weight.
(v) Morphology
Morphology ofthe polymers were determined by X-ray scattering. The homopolymers
and the copolymers were determined to be non crystalline. The X-ray scattering patterns of
homopolymers A and B, and ofcopolymers C and D are presented in Appendix 1.
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CONCLUSION
A method of preparing star-like homopolymers and copolymers of PBO and PBT
was developed by the incorporation of a three-dimensional moiety, 2,7-diamino-9,9-bis(4-
aminophenyl)fluorene.
The homopolymers and copolymers were generally stable up to approximately 390
°C in air and approximately 530 °C under argon. There was evidence of incomplete ring
closure as indicated by the DSC curves of polymers A, B and D. After heat-treating the
polymers at 300 °C for 4 h in air, further thiazole and oxazole ring formation was
observed, which results in enhanced thermal stability.
Homopolymer A, poly[(benzo[ 1,2-d: A,S-d ’]bisthiazole-2,6-diyl)-1,4-phenylene,
exhibited greater thermal and thermooxidative stability than homopolymer B,
poly[(benzo[l,2-c/;5,4-t/’]bisoxazole-2,6-diyl)-l,4-phenylene. Random copolymer C
exhibited greater thermal and thermooxidative stability than block copolymer D. The
polymers were highly amorphous.
The inherent viscosities were in the range of 1.72-2.02 g/dL in methanesulfonic
acid at 30 °C. The two more thermally stable polymers, A and C, were the most soluble.
A logical extension of this project would be the fabrication of films and fibers of
the star-like homopolymers and copolymers, and then performing compressive strength
tests to compare the transverse mechanical properties with those of the linear analogues.
Another extension of this project would be to perform the polymerizations while
removing samples at different time intervals throughout the polymerization. Solution
72
behavior and thermal analysis testing would then be performed on the samples in order to




1.1. X-ray diffraction pattern of homopolymer A
1.2. X-ray dififaction pattern of homopolymer B
1.3. X-ray diffraction pattern of copolymer C
1.4. X-ray diffraction pattern of copolymer D
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1.4. X-ray diffraction pattern of copolymer D
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